PAP

CPSF73
PAPα
PAPγ TUT1
Cleavage/polyadenylation This SnapShot presents human RNA-modifying enzymes acting in the nucleus on different classes of transcripts produced by RNAPII. The top panel shows subnuclear localization of enzymatic reactions on relevant transcript species. The bottom panel details major nuclear RNA-processing reactions.
5′ End Capping Enzymes
5′ end capping is carried out by the bifunctional 5′ phosphatase and guanylyltransferase-capping enzyme RNGTT, the G-N7-methyltransferase RNMT, and the 2′O-ribosemethyltransferases CMTR1 and CMTR2. snRNA and snoRNA m 7 G caps are further methylated by the trimethylguanosine synthase TGS1.
Splicing
Major Spliceosome
First, the U1 snRNP recognizes the 5′SS, U2 snRNP binds the branch point, and U2AF binds a pyrimidine-rich sequence close to the 3′SS. Thereafter, U5 and U6 snRNPs enter, while U1 and U4 snRNPs are released. The U6 snRNP contacts the 5′SS and the U2 snRNP, whereas the U5 snRNP contacts the two exons. Splicing occurs by two transesterification reactions that are catalyzed by the activated spliceosome, where the U6 snRNA appears to provide the enzymatic activity for both reactions.
Minor Spliceosome
The minor spliceosome uses a reaction very similar to the major spliceosome but recognizes different 5′SS and 3′SS consensus sequences and employs specialized snRNPs: U11, U12, U4atac, and U6atac instead of U1, U2, U4, and U6.
Splicing Resulting in Circular RNA
Circular RNAs can be derived from unconventional splicing events, where a downstream 5′SS is spliced together with an upstream 3′SS.
3′ End Processing
mRNA/lncRNA 3′ processing of most mRNA and lncRNA involves the recognition of specific sequence motifs by the CPSF complex as well as the CFIm and CstF factors. The metallo-beta-lactamase endonuclease CPSF73 cleaves the RNA, and poly(A) polymerase (PAP) adds a poly(A) tail of ~250 adenosines. Nuclear poly(A)-binding protein PABPN1 stimulates polyadenylation and regulates the length of the added poly(A) tail. Several PAPs can be employed for polyadenylation: PAPOLA (PAPα) is the best studied. In addition, PAPOLG (PAPγ) and TUT1 (also known as Star-PAP) are active in the context of CPSF. The function of the testis-specific TPAP enzyme is elusive. Histone mRNA mRNAs from replication-dependent histone genes contain a specific stem-loop structure and downstream sequence elements (DSEs) recognized by stem-loop-binding protein (SLBP) and the U7 snRNP. These recruit a unique combination of polyadenylation factors, including CPSF73, that mediate cleavage without polyadenylation. Instead, the cleaved histone mRNA 3′ end is trimmed back to the stem loop by ERI1 (3′ hEXO).
sn(o)RNA
The Integrator complex is required for the 3′ end formation of snRNAs and independently transcribed snoRNAs. Endonucleolytic cleavage is carried out by the integrator complex component CPSF73L (also known as INT11S), a homolog of the CPSF73 endonuclease.
RNaseP-Mediated 3′ End Processing
The nuclear-enriched abundant lncRNAs MALAT and NEAT1 employ a unique pathway. Their primary transcripts contain at their 3′ end a tRNA-like structure recognized and cleaved by RNaseP. In the case of MALAT, the downstream RNA is further processed by RNaseZ and CCA-adding enzyme TRNT1 similar to tRNAs to produce the socalled mascRNA.
Intron Processing and Decay
Spliced-out intron lariats are linearized by the debranching enzyme DBR1 and are degraded to completion by incompletely characterized pathway(s). Some introns contain snoRNAs and mirtrons, a special type of miRNAs precursors, which are processed by uncharacterized nucleases.
miRNA Processing miRNAs can be produced from independent transcription units or can stem from introns or exons of protein-coding genes produced by the conventional mRNA-processing pathway. Maturation of pri-miRNA occurs by recognition and endocleavage of hairpin structures by DGCR8 and the DROSHA endonuclease to yield pre-miRNAs. Some premiRNAs are subject to RNA editing by ADAR or 3′ end oligoadenylation by nuclear PAPD5.
snRNA and Nonintronic snoRNA Processing and Modification
The majority of snoRNAs are derived from introns. Final 3′ trimming of intron-derived snoRNAs appears to involve their oligoadenylation by PAPD5 and subsequent 3′ end trimming by the deadenylase PARN. snRNAs and some sn(o)RNAs arise from independent transcription units, which are 3′ end processed by the integrator complex. snRNAs are transported to the cytoplasm, where they are 3′ end trimmed by an unknown exonuclease and 5′ trimethylated. After reimport to nuclear Cajal bodies, FBL of C/D box scaRNPs 2′O methylates snRNAs at specific sites and DSC1 of H/ACA box scaRNPs pseudouridylates snRNAs. snoRNAs and U3 snRNA do not exit the nucleus and are directly transported to Cajal bodies for cap trimethylation before their final transport to the nucleolus.
lncRNA
The majority of human lncRNAs emanate bidirectionally from enhancers (enhancer RNAs [eRNAs]) and promoters (promoter upstream transcripts [PROMPTs]; also called upstream antisense RNAs [uaRNAs] ). These transcripts harbor recognition sequences for the 3′ end processing machinery close to their transcription start sites, which presumably allows for cleavage by the genuine 3′ end processing endonuclease CPSF73. However, most PROMPTs and eRNAs are not converted into stable polyadenylated species but, rather, are rapidly turned over by the 3′-5′ exonucleases RRP6 (also known as EXOSC10) and RRP44 (also known as DIS3) of the nuclear RNA exosome. Similarly, 3′ extended transcripts from histone and sn(o)RNA genes are also prominent substrates of the nuclear RNA exosome.
5′-3′ Decay and Processing
The downstream RNA fragment attached to RNAPII after pre-mRNA 3′ end cleavage is degraded by the 5′-3′ exonuclease XRN2. XRN2 also degrades aberrant transcripts during nuclear RNA quality control. Nuclear 5′-3′ decay of RNA-harboring aberrant cap structures may involve the decapping exoribuclease DXO (DOM3Z).
RNA Editing and Methylation
Select mRNAs are subject to RNA editing by ADAR and APOBEC family enzymes or RNA methylation by methyltransferases METTL3 and METTL14. The RNA demethylases FTO and ALKBH5 remove m6A methylation marks added by METTL enzymes. Note that RNA editing and possibly also RNA methylation can occur cotranscriptionally.
